Demagnetizing current pulse magnitude.
I. INTRODUCTION

P
ERMANENT magnet (PM) machines [1] - [4] are extensively employed for various applications due to high torque density and efficiency. To extend their constant power speed range (CPSR), the flux-weakening (FW) control is generally required due to the constant PM fields, which is widely recognized as a challenging issue for traction applications [2] , [3] .
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Nowadays, various FW methods [4] - [43] are utilized to effectively expand the speed range of PM machines. Conventionally, the negative d-axis current and field current control strategies [4] - [10] can be employed to counteract the PM flux beyond the base speed. However, it is relatively electrically sophisticated due to the high dependence on the machine parameters, proportional integral (PI) regulator, etc. Meanwhile, the continuous excitation copper loss is undesirable for high-efficiency operation in the FW region. The memory machine (MM), as an alternative FW solution, was regarded as a promising candidate for wide-speed-range applications [11] - [43] . Since the magnetization state (MS) of the employed variable flux low coercive force (LCF) PMs can be varied by applying a temporary current pulse, the air-gap magnetic fluxes can be flexibly regulated. Thus, the continuous d-axis FW current is reduced, and hence, the associated excitation copper loss and iron loss particularly under a high-speed region are decreased significantly.
According to the magnetizing current pattern, MMs can be classified into ac-magnetized [11] - [31] and dc-magnetized [32] - [43] types. The ac-magnetized MMs can be designed as both a hybrid magnet configuration [12] and a pole-changing type [13] . The surface-mounted-type hybrid magnet MM is designed by a simplified magnetic equivalent circuit method in [14] . In addition, ac-magnetized MMs normally adopt vectorcontrol algorithm to apply a d-axis current pulse in stator windings to vary the magnetization level of LCF PMs [15] . Maekawa et al. in TOSHIBA Corporation [16] proposed a two-step online magnetization method for fractional-slot MMs. It was reported that the two-step control is required to permit the magnetization of all LCF PMs. During the magnetization control, the d-axis current loop utilizes the inverse-model feedforward control, whereas the q-axis current loop employs feedback control [17] . In [18] , three families of magnetizing trajectories can be identified, which are used to further extend the speed range, and the high-efficiency control over an overall operating range can be achieved with a hysteresis controller for the MS operating algorithm. Besides, a flux-linkage observer-based current decoupling method [19] , [20] was used to minimize the torque ripple during the magnetization transients. The MS manipulation can be implemented under zero speed, zero load condition by using a voltage disturbance state filter to correct the estimates from a flux observer. The mismatch between simulated and measured operating efficiencies was highlighted and investigated in [20] and a hysteresis PI-based method was employed to choose the magnetization timing over a duty-cycle operation to reduce the operational loss by accounting for the transient and steady-state energy consumption. The flux-concentrated MM designs are proposed in [21] . The design suggestions are provided in [22] and [23] to reduce the magnetizing current and inverter rating. Besides, a method based on vector control is proposed for a spoke-type MM [24] and the operating envelop is analyzed in [25] . An existing drive is used to measure the dq inductances and torque characteristics of the machine at several MSs, including the cross-magnetization effects. An improved hybrid PM design is presented for the MM, which employs ferrite to stabilize the MS during the on-load operation [25] . The artificial neural network based maximum torque per ampere (MTPA) control scheme for the spoke-type ac-magnetized MM is implemented to significantly simplify the control effort by reducing the effect of the inductance nonlinearity under different MSs [26] . Besides, a modified adaptive nonlinear filter is proposed to achieve the magnetic flux linkage estimation and the online closed-loop MS control [27] . In [28] , an improved flux observer is proposed for the series hybrid-PM MM prototype to estimate the MS based on the structured neural network (SNN) instead of the conventional look-up table method. The SNN is utilized to describe the relationship between the inductance and current under different MS cases, resulting in a data filing space saving and an accurate PM fluxlinkage identification [29] . In [30] , a closed-loop method for magnetization manipulation that mitigates the effect of temperature is proposed.
For dc-magnetized MMs [32] - [43] , the design procedure, modeling, and control strategy for a doubly salient MM (DSMM) are reported in [32] - [38] and the possibilities of dualmode operation for the DSMM is investigated in [35] , i.e., the double salient permanent magnet (DSPM) machine mode or the switched reluctance machine mode. Besides, a multimode optimization methodology for a DSMM considering multiple operating conditions is proposed in [38] . The flux-modulated concept is extended to the dc-magnetized MM to combine high torque density and wide flux regulation capability [39] . Recently, various switched flux MMs (SFMMs) [40] - [43] were presented to resolve the demerits of a relatively complicated decoupling current control in the ac-magnetized ones and a large torque ripple issue in DSMMs.
The review of literatures shows that the control issues of acmagnetized MMs have been already investigated, but a complete and workable global FW control strategy for dc-magnetized MMs is still unreported. In fact, differing from the conventional PM machines using only vector control for FW, the dc-magnetized MM requires a coordinated control scheme between the traditional d-axis current and the magnetization current pulse. Meanwhile, the related reports on how to deal with these two FW current components under different speed ranges in a reasonable manner are absent in the existing literatures. Hence, it is necessary to develop a new control strategy for effective speed extension and efficiency improvement over a wide operating range, which is the main focus of this paper.
In order to fill the above-mentioned knowledge gap, this paper proposes a stepwise magnetization control strategy for the dc-magnetized MM to extend its CPSR with a simplified control scheme and less FW currents injected by the inverter. The major contribution of this paper can be summarized in following three aspects. First, a new global FW control strategy is developed for the dc-magnetized MMs. Second, the mathematical models and operating characteristics under various PM MSs and speed ranges are established and computed. Based on the operating characteristics in different speed ranges, an appropriate control method is developed at each stage. Third, a stepwise magnetization control strategy is proposed for dc-magnetized MMs. In the proposed control scheme, the operating regions are divided into different stages; the magnetization/demagnetization current pulses are energized only in several steps instead of a continuous MS manipulation control in the previous similar solutions. This new control scheme can avoid the frequent actions of the switching devices for energizing the magnetizing current pulse and, hence, can help in avoiding the complicated control efforts.
This paper is organized as follows. In Section II, the configuration and flux regulation principle of a proof-of-principle machine are described and addressed first, followed by the mathematical modeling. Subsequently, the proposed global control strategy is introduced in Section III based on different trajectories of the operating point movement along the current/voltage limit circles. The different FW regions will be numerically identified by calculating the transition speed. In the FW region I, the synthetic conventional d-axis current and PM demagnetization FW-based scheme is employed, while the d-axis current FW is simply employed in the FW region II. In Section IV, a stepwise magnetization control strategy is proposed for the effective CPSR extension without complicated control effort. Section V is devoted to the experimental verification of the proposed control strategy. Finally, conclusions are drawn in Section VI.
II. CONFIGURATION, OPERATING PRINCIPLE, AND MATHEMATICAL MODEL OF INVESTIGATED MACHINE
A. Machine Configuration
In this paper, a three-phase, 12-stator-slot/14-rotor tooth SFMM [26] is used for verifying the feasibility of the developed control strategy. The machine configuration is illustrated in Fig. 1 . The machine is mainly characterized by a doubly salient structure. Compared to the conventional switched flux PM machines, the SFMM employs a hybrid PM configuration. The additional diametrically magnetized AlNiCo PMs are embedded between the "U"-shape stator-tooth modules and the stator yokes, and the magnetizing coils are wound on the AlNiCo PMs. The NdFeB PM serves as the dominant contributor for air-gap flux density, while the LCF AlNiCo PM acts as the flux adjustor due to its changeable MS. Different from the conventional machines having PMs on the rotor, both the hybrid PMs and windings are located on the stator that permits a good armature reaction withstanding capability and easy thermal dissipation. The salient rotor that has neither magnets nor coils is similar to that of switched reluctance machines, which is mechanically robust.
B. Flux Regulation Principle
The flux regulation principle of the proposed machine is illustrated by flux paths and open-circuit field distributions under different MSs as shown in Figs. 2 and 3. First, when the rotor rotates, the alignment or misalignment between stator and rotor results in the variation of polarity and magnitude of PM fluxes interacting with the armature. Consequently, sinusoidal flux-linkage will be induced. In addition, it is evident that the PM flux-linkage can be flexibly varied since the MS of LCF PM can be adjusted with a magnetizing current pulse. Hence, the proposed SFMM can combine the high torque density of the conventional constant PM flux machine with variable PM flux characteristics for manipulating losses and high-efficiency distributions within a duty-cycled operation [40] - [43] . As a result, the NdFeB PMs serve as a dominant contributor for air-gap flux, whereas the LCF PMs work as a flux adjustor. The effective flux linked with the armature windings can be strengthened or weakened when the magnetization directions of LCF magnets are identical or opposite to those of NdFeB PMs, i.e., the so-called flux-enhanced and flux-weakened states, as illustrated in Fig. 3 . Therefore, for the low-speed region, NdFeB and LCF PMs are with identical magnetization direction; the torque density can be subsequently improved. On the other hand, for the high-speed region, the LCF PMs are reversely demagnetized to short circuit and weaken the NdFeB PM fields, and hence, the CPSR can be effectively extended within the limitation of the inverter power rating.
The variable flux principle of the proposed DSPM-MM can be characterized by a simplified illustration of the parallelogram hysteresis model of LCF PMs as shown in Fig. 4 [32]- [40] . It can be seen that the coercive force of LCF PM is much lower than that of NdFeB. Thus, the PM working point can be repetitively shifted between different recoil lines by temporarily applying a remagnetizing or demagnetizing current pulse. For instance, the working point of the PM is initiated at P 1 , which is the cross point of the load line and the demagnetizing curve. When applying a demagnetizing current pulse, the working point will descend to G. After the withdrawal of the current pulse, the working point will move along a new recoil line and stabilize at a new working point P 2 . On the other hand, when a remagnetizing current pulse is applied, the working point of the PM will track the trajectory of CDEB and return to P 1 . Overall, the significant hysteresis nonlinearity in the second quadrant makes the operating points of LCF PM rather susceptible to the applied re/demagnetizing magnetomotive force. Thus, the operating points can be shifted to a new recoil line by applying various magnitudes of current pulses.
A magnetization ratio k mr is defined as the ratio of the remanence flux density corresponding to the kth recoil line B r 1k to the fully magnetized remanence B r 1 , i.e.,
Here, the "flux-enhanced" and "flux-weakened" states refer to "k mr = 1" and "k mr = −1," which indicate that the LCF PMs are fully magnetized in the same and opposite directions to the NdFeB PMs, respectively. Moreover, the "zero magnetized" state refers to the entire demagnetization of the LCF PMs, i.e., "k mr = 0." The key design parameters of the proposed machine are given in Table I . 
C. Mathematical Model
The inductance matrix in (2) can be represented as
The relationships between L 0 , M 0 , L m , and M m can be represented as
2) dq-Axis Rotating Reference Coordinate: The voltage equations can be given based on the rotor reference frame without considering magnetic saturation, iron loss, and temperature dependences, i.e., axis inductances, R s is the stator winding resistance, ω e is the rotating angular speed, T e is the electromagnetic torque, and P is the pole-pair number, i.e., the rotor tooth number. Due to unity saliency ratio (L d ≈ L q ), the torque output can be readily controlled by the armature and magnetizing currents, as reflected in the third equation of (6).
III. DESCRIPTION OF THE GLOBAL CONTROL STRATEGY
The proposed global control strategy combines the distinct advantages of memorable flux and negative d-axis current FW controls, leading to an effective extension of CPSR with improved efficiency as well as low requirement of inverter current.
A. Overall Control Diagram
For the constant-torque region, the control method for the investigated SFMM is similar to that for the conventional sinusoidal-fed PM machines [30] . Due to the unity saliency ratio, the I d = 0 control is utilized for MTPA control. On the other hand, the conventional negative I d FW and PM demagnetization controls are combined in the constant power region. The overall block diagram of the proposed control strategy is shown in Fig. 5 . The control circuit mainly includes two modules, i.e., drive and FW control modules; the former is based on a space vector pulsewidth modulation and the latter adopts a negative feedback control. The core part of the magnetization control circuit is a single-phase H-bridge converter similar to the PWM chopper [37] . The amplitude of the current pulse can be regulated by means of a single current closed-loop control.
The optimal coordinated FW control scheme for the conventional d-axis current FW and magnetization controls will be analyzed in the following context to extend the CSPR based on the detailed analysis on the trajectory of operating point movement along the current/voltage limit circles.
B. Voltage/Current Limit Circles
The operating points of the machine are constrained by the maximum inverter voltage and current (u smax and i smax ), which can be expressed as
Under the high-speed operation, the resistance drop can be ignored and, hence, (7) can be rewritten in terms of d-and q-axis voltages
i.e.,
Since the d-and q-axis inductances are very close to those of SFMM, (8) can be rewritten in terms of the d-and q-axis currents
From the assumption of unity saliency for the SFMMs, L d = L q = L s (the winding inductance). It can be seen that the dand q-axis voltages are mutually coupled. Consequently, the third terms of the first two equations in (6) can be utilized as a disturbance value for the feedforward so as to eliminate the voltage cross-coupling. According to the constraint functions in (10) and (11), the current/voltage limit circles can be illustrated in Fig. 6 , which are used as a basis for the next investigation.
As the machine speed increases, the radius of the voltage limit circle decreases inversely proportionally as indicated in (10) . On the other hand, for a given speed, when LCF PMs are demagnetized, i.e., k mr decreases, the center of the voltage limit circle shifts toward point O in Fig. 6(a) . The FW current I d will exceed the characteristic current (the ratio of the flux linkage to d-axis inductance) as long as the center of voltage limit circle locates inside the current limit circle. Meanwhile, the machine speed can be theoretically infinite, as illustrated in Fig. 6(b) . This also theoretically confirms the feasibility of the PM demagnetization control for an effective speed range extension.
C. Operating Characteristics Analysis Under Different Speed Regions
The proposed global control strategy divides the operating region into three subregions as shown in Fig. 7 , which refer to the constant-torque region, FW I and FW II regions, respectively. The division of the operating regions is based on the movement of operating points along the voltage/current circles, as addressed later. Under the constant-torque region, zero d-axis current control is employed; when i q = i smax (inverter maximum current), the machine reaches the base speed (ω base ), which can be expressed as
At this time, the corresponding operating trajectory refers to "OA" in Fig. 8 . When the rotation speed continues to rise, the machine will subsequently enter the FW region, which can be subdivided into two subregions based on the relationship between i smax and (
In the FW region I, when the machine speed increases, the operating point will gradually reach the critical position so as to maintain the sufficient torque output. Then, the torque will drop to zero when the current and voltage circles are just tangent, i.e., the machine speed reaches the maximum (ω emax ), which can be represented as
The corresponding trajectory of the operating point refers to "AB" in Fig. 9(a) .
2) FW Region II.
In the FW region II, as the flux linkage is reduced to a certain value with the aid of the demagnetization control, the working point (−(ψ pm1 + k mr ψ pm2 )/L s , 0) locates inside the current circle; the operating speed range is theoretically infinite. This deep FW region can be further subdivided into two stages. a) Stage 1: Similar to FW region I, the radius of the current circle proceeds to decrease with the increasing machine speed in this stage. The operating speed will shift to the perpendicular line across point C for maintaining sufficient torque output. During this process, the operating point tracks along the MTPA trajectory. The maximum achievable speed can be expressed as
b) Stage 2: In this stage, the operating point for the maximum torque will move along line BC, i.e., the maximum torque per voltage line, and the corresponding maximum speed can be expressed as
The operating trajectory refers to "BC" (ω) in Fig. 9(b) .
IV. STEPWISE MAGNETIZATION CONTROL FOR EFFECTIVE SPEED RANGE EXTENSION
According to the preceding analyses, the torque-speed curves corresponding to the different operating regions are plotted in Fig. 10 . It can be observed that the demagnetization control can be performed first at point A in Fig. 9(a), i. e., the PM fluxlinkage will be reduced so as to increase the base speed. On the other hand, when the machine enters the FW region II, the resultant flux-linkage is unable to offer sufficient torque output, and consequently the demagnetization for AlNiCo PMs is no longer necessary, as indicated in Fig. 10(b) .
The optimal operating characteristics can be synthesized as a set of continuous torque-speed curves under different MSs of LCF PMs as shown in Fig. 11(a) . The memorable flux and conventional d-axis current based FW controls can be combined at different speed regions to obtain the CPSR as wide as possible. Fig. 11(b) shows the resultant optimal torque-speed curve by only choosing five typical MSs of LCF PMs, which is very close to the torque-speed curve shown in Fig. 11(a) . That is to say, the flux memorable control can be implemented in several steps at the speeds from ω 1 to ω 4 to achieve a wide CPSR similar to the continuous magnetization control. Thus, the proposed stepwise magnetization control strategy can effectively avoid complicated continuous demagnetization control that is adverse to the dynamic performance boost. Meanwhile, the transient power loss of the switchers can be also significantly reduced.
The purpose for the selection criterion of the MSs is to simplify the online magnetization control by choosing proper steps of magnetization manipulation. If the steps are excessive, the frequent actions of the switching devices make the online MS control relatively complicated, while the speed extension tends to be less effective when few steps are chosen for MS manipulation. In this case, five typical operating curves are selected and the resultant overall operating envelop turns out to be close to that with continuous MS control. The calculation process of those transition speeds ω 1 -ω 4 of the selected operating curves can be organized as follows. First, various torque versus speed curves under several MSs can be obtained. Then, the critical flux-linkage Ψ pmc corresponding to the transition point from the FW regions I to II can be calculated by
Consequently, the flux-linkage increment ψ pm for dividing the MS control steps can be obtained as
where ΔT denotes the number of MS manipulation steps. Thus, the typical flux-linkages and torque-speed curves under five typical MSs can be obtained. As a result, the transition speeds ω 1 -ω 4 can be calculated using the intersection points of the selected torque-speed curves.
V. EXPERIMENTAL VALIDATION
In order to verify the effectiveness of the developed control strategy, a DSP-TMS320F28335-based experimental platform is constructed, and the manufactured SFMM prototype and control board are shown in Fig. 12 . The ONOSOKKI TS-7700 Torque Station is utilized to generate a load torque.
The FE predicted and measured back electromotive force (EMF) waveforms of the prototype machine under different MSs are shown in Fig. 13(a) . It can be observed that the measured results agree well with the FE predictions. The fact that the manufacturing tolerance and end-effect ignorance are ignored in FE analyses is mainly responsible for the slight mismatch between the FE and measured results. Fig. 13(b) shows the variations of FE predicted and measured root mean square (rms) back EMFs with the current pulse amplitude, which confirms the excellent flux regulation capability of the proposed machine.
The on-load transient magnetization performance has been tested. The responses of phase current, speed, and d/q-axis currents versus magnetizing current pulses are shown in Figs. 14 and 15, respectively. For the demagnetization situation, the machine starts with a given speed of 900 r/min. Subsequently, a demagnetizing current pulse of −12 A is applied to weaken the air-gap flux. It can be seen that the phase current amplitude swiftly rises up to 12.5 A due to the constant load with speed closed-loop control as well as the FW action. For the demagnetization case under the constant-torque region (I d = 0 control) as shown in Fig. 15(a) , the machine starts with a given speed of 900 r/min. Subsequently, the speed of the SFMM fluctuates during the demagnetization and remagnetization processes. However, it returns to the reference speed within a very short time and then remains stable. As shown in Fig. 15(b) , due to the constant load with speed closed-loop control as well as the FW action, the phase current sharply varies with the magnetizing state of PMs.
The working principle of a dc current pulse generator is shown in Fig. 16 , which is utilized to illustrate the magnetization process based on the proposed control strategy. Through the MS selector, the target MS can be obtained according to the operating speeds of the SFMM. The relationship between the current pulse magnitude and PM flux-linkage during the demagnetizing and remagnetizing processes will be stored in the two look-up tables. The comparison between the target and the present PM flux-linkages will decide whether to demagnetize the PMs or remagnetize the PMs. Through the output of the look-up tables and the comparator, the current pulse to change the MS of PMs can be finally generated. With the proposed control strategy, the synthetic torque/power-speed curves can be obtained and the operating region of the SFMM is extended.
The measured torque/power-speed curves of the machine with or without the proposed control strategy are shown in Fig. 17 , where I demag is the demagnetizing current magnitude. The transition points where the temporary PM demagnetization controls are applied for different operation regions have been highlighted to reveal the merit of the proposed control scheme.
The torque-speed curve labeled with "without the proposed control" refers to the case with "k mr = 1" and only conventional d-axis current based FW control. On the other hand, the PM demagnetization and conventional d-axis current based FW controls are combined at different speed regions to extend the CPSR as wide as possible. As a result, with the proposed control strategy, a new torque-speed curve synthesized by choosing different MS (labeled with different "I demag ") is obtained. It shows that the proposed control strategy with stepwise performing online PM demagnetization control can effectively extend the CPSR compared to the case with only traditional d-axis FW current control. In fact, the measured results indicate that the machine can further extend the adjustable speed range beyond 5000 r/min, as shown in the power/speed curves in Fig. 17(b) . The critical flux-linkage in the transition point from FW regions I to II can be estimated based on (1) as mentioned earlier. Consequently, the required demagnetizing current pulse can be further calculated based on Fig. 13 . It implies that when the PM fluxlinkage is reduced to 58.6% of that at the flux-enhanced state, the negative d-axis current FW control rather than the combined control method can be simply employed for the CPSR extension. Overall, the measured results validate the preceding analyses, i.e., the FW capability can be effectively improved with the proposed control strategy. Fig. 18 shows the measured efficiencies of the machine at different speeds.
In order to illustrate the magnetization process under the proposed control strategy when the machine enters the FW operation region, Fig. 18 shows the transient characteristics of the transition point (I demag = −4.2 A) between two adjacent operating regions under different MSs including demagnetizing current pulse, d-axis current, q-axis current, speed, and phase current. As shown in Fig. 18(a) , a demagnetizing current pulse with the magnitude of −4.2 A and 20-ms duration is injected to demagnetize the AlNiCo magnets of the SFMM. Due to the reduction of PM flux-linkage, the magnitude of the d-axis FW current is decreased whereas the magnitude of the q-axis current is increased, which are shown in Figs. 18(b) and (c) . In addition, the demagnetizing current pulse leads to the drop of electromagnetic torque, and hence, a q-axis current pulse in Fig. 18(c) is produced to compensate the torque drop. The fluctuation of speed is shown in Fig. 18(d) , which is inconspicuous, but the dynamic response is relatively slow due to the large load moment of inertia of the magnetic powder brake in the ONOSOKKI TS-7700 Torque Station. In Fig. 18(e) , the phase current amplitude of the SFMM is reduced after the change of PM flux-linkages. That is to say, the associated copper loss is also reduced with the proposed control strategy at the transition point, which has the same speed and load. Fig. 19 shows the measured efficiencies of the machine at different speeds. The efficiency is measured using the output mechanical power divided by the input electrical power. The output mechanical power is calculated by multiplying the output torque and speed measured by the torque meter. Besides, the input electrical power is measured by a power analyzer (Yokogawa WT1800 precision). It can be seen that when the proposed control strategy is employed, higher efficiency at high speeds can be achieved. This confirms the benefit of the developed control scheme in terms of the efficiency improvement over a wide speed range.
VI. CONCLUSION
This paper proposed a stepwise magnetization control strategy for SFMM to avoid the complicated control efforts with the continuous and frequent adjustment of the PM flux-linkage with the current pulse. The proposed control strategy was established by dividing the overall operating envelop into several regions based on the operating characteristics under various PM MSs. For the FW region I, the negative I d and the demagnetization current should be combined to extend the speed range, while the demagnetization control became useless during the deep FW region II. Furthermore, it shows that the resultant optimal torque-speed curve by only choosing five typical MSs of LCF PMs is very close to that obtained by the continuous magnetization control. That is to say, the proposed control scheme can effectively extend the CPSR as wide as the continuous control method with sophisticated magnetization manipulation. Finally, the effectiveness of the proposed control strategy was verified by experimental results. He is currently a Professor with the School of Electrical Engineering, Southeast University. His research interests include design and control of PM machine and high-speed machine, applications in domestic appliances, electric vehicles, railway traction, all-electric ships, more-electric aircraft, and wind power generation systems.
